Abstract Positive (adaptive) selection has recently been implied in human superoxide dismutase 1 (SOD1), a highly abundant antioxidant protein with energy signaling and antiaging functions, one of very few examples of direct selection on a human protein product (exon); the molecular drivers of this selection are unknown. We mapped 30 extant SOD1 sequences to the recently established mammalian species tree and inferred ancestors, key substitutions, and signatures of selection during the protein's evolution. We detected elevated substitution rates leading to great apes (Hominidae) at *1 per 2 million years, significantly higher than in other primates and rodents, although these paradoxically generally evolve much faster. The high evolutionary rate was partly due to relaxation of some selection pressures and partly to distinct positive selection of SOD1 in great apes. We then show that higher stability and net charge and changes at the dimer interface were selectively introduced upon separation from old world monkeys and lesser apes (gibbons). Consequently, human, chimpanzee and gorilla SOD1s have a net charge of -6 at physiological pH, whereas the closely related gibbons and macaques have -3. These features consistently point towards selection against the malicious aggregation effects of elevated SOD1 levels in long-living great apes. The findings mirror the impact of human SOD1 mutations that reduce net charge and/or stability and cause ALS, a motor neuron disease characterized by oxidative stress and SOD1 aggregates and triggered by aging. Our study thus marks an example of direct selection for a particular chemical phenotype (high net charge and stability) in a single human protein with possible implications for the evolution of aging.
Introduction
The molecular forces of evolution are responsible for the structure of the proteins [1] : Randomly arising mutations in the DNA are, depending on the population dynamics and the nature of the substitution, either fixated within the population or eventually lost [2, 3] . Together with changes in posttranslational properties such as copy number and regulation, which explain some phenotypic differences [4] , fixated amino-acid substitutions produce the phenotypical differences between species [5, 6] .
Primate evolution is of importance in the quest towards understanding the origins of the human genome [5, 7] , and to identify features that make humans unique [8, 9] . Nonhuman primates such as macaques are commonly used to study neurological diseases and identify the relevant differences between primate proteomes [5] . Primate evolution is complex and marked by diversifications due to emergence of generalist strategies relating to changes in habitats and foraging behavior and social innovations [10] . Thus, primate evolution is notable for its variable evolutionary rates caused by geographic diversification, effective population size bottlenecks, and long generation times [11] . Due to their short divergence times, primates show relatively little genetic variation [12] . However, selection for specific gene regulations is well documented [13] as is ongoing selection on primate genes [14] , including human genes [15, 16] . In nonhuman primates, selection has generally been ascribed to genes with reproductive and immunological functions [5] . In humans, most evolutionary changes have been ascribed to the posttranslational, epigenetic regime [17] .
Among important primate proteins, superoxide dismutase 1 (SOD1) is one of the most abundant proteins of the body [18] , with a systemic role in protecting against oxidative stress associated with mitochondrial respiration [19] . SOD1 is a central repressor of cellular respiration by integrating oxygen, superoxide, and glucose signals [20] . It is a dimeric protein with a Cu and a Zn metal ion essential for its catalytic function [19] ; its structure is dominated by the b-sheet Greek-Key fold of each dimer, which evolved from gene duplication events [21] . SOD1 prolongs life by its effects on oxidative stress and metabolism [22] [23] [24] . Mutations in SOD1 are risk factors of early onset familial amyotrophic lateral sclerosis [25] [26] [27] [28] [29] , which is characterized by age-triggered motor neuron degeneration and mitochondrial dysfunction [30] , and SOD1 is a relevant cancer target [31] .
Humans display upregulated antioxidant defense proteins such as SOD1 upon aging [32, 33] . These defenses are tightly linked to the function of SOD1 [30, 34, 35] . We thus speculated that SOD1 is a protein of particular interest to the evolution of great apes, including humans. SOD1 is already known to display a high rate of evolution in primates [36, 37] . In 2002, Fukuhara et al. discovered by comparison of 13 SOD1 sequences from primates and rodents that great ape SOD1 evolution is substantially accelerated, and this was interpreted as a sign of positive selection [37] . Recently, the SOD1 gene was found to be positively selected in humans subject to habitat changes, specifically changes in exposure to high-energy solar radiation and humidity [38] . Thus, SOD1 is one of the very few examples of selection at the protein product (i.e. exon) in humans, yet the molecular mechanism of SOD1 selection has not been identified.
Here, we report a detailed study of primate SOD1 evolution using 30 available SOD1 sequences mapped onto the recent consensus mammalian species tree by Meredith et al. [39] and tested for selection and relaxation using a suite of modern codon and branch tests. We identified SOD1 ancestors by computational ancestor reconstruction and annotated key chemical properties of these proteins. We show that SOD1 in great apes has, indeed, been subject to positive selection as suggested previously from comparison of extant sequences [36, 37] , and it is the only primate branch showing positive selection. We then show that stability and net charge increased during a remarkably short time frame of *15 million years due to fast substitutions that also included changes at the dimer interface of SOD1; these properties relate to aggregation and structural integrity of SOD1 as seen in the neurological disease amyotrophic lateral sclerosis (ALS) [28, 29, 40] , which is triggered by human aging and characterized by oxidative stress and SOD1 aggregation. Our study suggests that SOD1 plays a key role in the evolution of aging and marks a rare example of selection on a molecular phenotype (aggregation propensity) in a human protein.
Methods

Ancestral reconstruction and phylogenetic analysis
The sequences of 30 mammalian SOD1 proteins available in Uniprot [42] were collected and mapped as extant sequences onto the established mammalian tree with branch-specific orders [39] . There are now SOD1 sequences available that represent all key families, including Hominidae (great apes), Hylobatidae (lesser apes), old world monkeys, and several families of the new world monkeys, as well as sequences from the other suborder of primates Strepsirrhini (galago) and from the closest related order of Scandentia, represented by the tree shrew; this makes the phylogeny well sampled. Such ''protein-explicit phylogeny'' was previously applied to myoglobin of diving cetaceans [43] and involves mapping specific protein orthologs onto established species trees to deduce the ancestors of the evolved protein, enforced by the species phylogeny. Subsequently, the ancient proteins are studied to identify protein properties that have changed during evolution [43, 44] . This approach reveals insight into the molecular causes and types of recent selection pressure on genes.
Nucleotide sequences were aligned using codon-based Clustal Omega [45] . The sequences were unambiguously aligned with only eight generated gaps at different positions (See supplementary information, Figure S1 ). Human and chimpanzee SOD1 sequences are identical, but the sequences of other great apes and primates show variations. Please note that due to the gaps, the alignment numbering differs from the numbering of human SOD1 ( Figure S1 ). The best amino-acid substitution model, i.e., having lowest Bayesian Information Criteria (BIC) score [46] was found to be that of Whelan and Goldman [47] with among-siterate variation [48] modeled by a gamma distribution including the number of invariable sites (WAG?G?I). We then inferred ancestral sequences using the Bayesian model of the MEGA5 software [41] . Computational ancestral protein reconstruction is sensitive to errors when amino acids less likely to be in the ancestral protein still figure prominently in extant sequences. This can affect the predicted chemical properties and lead to overestimated stability of ancestors, because more likely amino acids tend to be more stable [49] . As we use the Bayesian approach, this is a minor issue in our work, as also confirmed from the observed opposite trend towards increased stability of extant great ape proteins. For ancestral charges, ancestral state reconstruction is unproblematic, because charge of amino acids is not associated strongly with substitution frequencies.
To infer the rate of molecular evolution and evaluate the contribution of selection, we evaluated the ratio of nonsynonymous to synonymous substitution rates, i.e., dN/dS, by different codon models [50] . Codon models fit a set of Markov chains to the observed data (i.e., sequences and the phylogenetic tree) and can accommodate different assumptions regarding rate variation across sequences or branches of the phylogenetic tree. A likelihood function is then evaluated for each model, and one can test different evolutionary hypotheses by comparing the computed likelihood of different nested models [51] . We were particularly interested in investigating (1) the evolutionary history of SOD1 of great apes, (2) whether evolution of SOD1 has been driven by distinct types of selection and if so, which branches of the phylogenetic tree and which amino-acid residues have been affected, and (3) if these selection types correlate with specific biophysical properties of the enzyme.
We fitted eight different codon models known as M0, FR (free ratio), M1, M2, M3, M7, M8, and M8fix (fixed ratio M8 model) [52] . In brief, M0 models sequence evolution by assuming that all branches have the same rate of evolution, whereas FR fits different rates for different branches. Both M0 and FR are branch models where rate variation at the sequence level is ignored. The remaining models (i.e., M1 to M8fix) are site models that allow the rate of evolution to vary among sites within the sequences. The main differences between these models are whether they assume dN/dS [ 1 for a fraction of residues and how they model rate variation (e.g., by a beta distribution). While the likelihood of these models was calculated, we compared the likelihoods of M0 vs. FR models to account for rate variation in different branches of the phylogenetic tree, and M1 vs. M2, M7 vs. M8, and M8 vs. M8fix to establish sites evolving with dN/ dS [ 1.
In addition to the codon models implemented in PAML [53] , we also employed the Datamonkey Web server [54] and SLAC (Single Likelihood Ancestor Counting), FEL (Fixed Effects Likelihood), REL (Random Effects Likelihood), MEME (Mixed Effect Model of Evolution) [55] , and FUBAR (Fast Unconstrained Bayesian Approximation) [56] models to infer patterns of selection during the evolution of SOD1. The SLAC, FEL, and REL methods measure the strength of selection for each codon using different approaches. MEME relaxes the assumption of equal rates among different branches, and FUBAR assumes that each site can belong to a broad distribution of rate categories. To determine whether elevated rates were due to relaxation of functional constraints or to positive selection, we employed relaxation analysis using the RELAX method [57] . RELAX assigns the significance using a K parameter to the two cases, relaxation of functional constraints (K \ 1), and intensification of selection (K [ 1). Relaxation is characterized by evolutionary rates of different site categories (i.e., both high and low rates) that are skewed towards dN/dS * 1, whereas intensification of selection is represented by evolutionary rates that are expanded away from dN/dS * 1.
Computation of protein properties
To understand if any specific protein properties were changed significantly during the recent evolution of primates, we studied the two most important chemical properties that affect SOD1 structural integrity, i.e., net charge and thermodynamic stability. These two properties have been shown to play a major role in aggregation of SOD1: Mutations in SOD1 that reduce net charge and stability correlate with more severe clinical outcome of the aging-triggered motor neuron disease ALS, characterized by pathological SOD1 aggregates and molecular oxidative stress [58] [59] [60] [61] .
To estimate the effect of observed substitutions on thermostability, we used the two methods I-Mutant 2.0 [62] and Popmusic 2.1 [63] , as they have been shown in previous benchmarks to estimate the stability effects of mutations in SOD1 accurately, compared to other methods [64] . All computations were carried out on the SOD1 structure 2C9V, which is of atomic resolution (1.07 Å ) required for accurate stability estimates as some stability estimators are sensitive to structure input [65, 66] .
I-Mutant is a support vector machine method that accounts for T, pH, and the specific local environment of each amino acid within the protein structure, including the solvent accessibility; it was calibrated against experimental data for 2087 single-point mutations [62, 67] . Popmusic 2.1 uses energy functions that relate to amino-acid volume and solvent accessibility; it was parameterized against a data set of 2648 single-point mutations [63] . All stability changes are reported as a change in free energy of folding caused by substitution i, that is
As the template human SOD1 has ''old'' residues that are sometimes ''new'' in the phylogeny, changes were assumed to be reversible, as they ideally should be; this approach has previously been shown to be accurate for I-Mutant and Popmusic [43, 44] , but not generally [68] . In cases where neither the new or old residue was present in the template 2C9V structure, but rather a third residue X, we used the fact that free energy is a state function and computed the changes as DDG (new from X) -DDG (old from X). We chose the sign convention that a negative number implies a stabilizing effect of the substitution from old to new. Popmusic 2.1 uses this sign convention, whereas I-Mutant 2.0 uses the opposite convention, so these numbers were multiplied by -1 for relative comparison throughout this paper.
To benchmark the ability of these two methods to reproduce general trends in stability changes of mutations occurring in SOD1, we used the normalized DDG values reported by Byström et al. [29] , which is the most extensive data set from a single group that we could find. As seen in Supporting Information, Figure S4 , the R 2 values obtained are 0.29 for Popmusic and 0.21 for I-Mutant (numerical data for these benchmarks are given in Supporting Information, Table S4 ). Whereas the spread is substantial as seen previously [64] , the R 2 values show that trend in stability behavior of groups of mutations as observed in the clades studied here are meaningful. Both methods provide the same conclusions of increased stability in great ape SOD1, as shown below. Furthermore, randomly introduced mutations in SOD1 are destabilizing, as expected and generally observed [69] , as seen from a computation of all possible 2907 mutations in SOD1 using Popmusic (Supporting Information, Figure S5 ); only 14% of mutations are stabilizing. This generally means that the observation of stabilizing substitutions is more significant than destabilizing mutations.
SOD1 is negatively charged at physiological pH. The change in net charge due to substitution i (DQ i ) was computed simply as:
where Q i (new) is the charge of the new introduced aminoacid residue and Q(old) is the charge of the previous residue in the phylogeny. The charges are -1 for Asp and Glu and ?1 for Lys and Arg. Because His has a pK a close to physiological pH, it may be both ?1 and neutral; however, only four histidine-involving substitutions occur in the studied phylogeny, and H20R occurs in the clade leading to bats, whereas L70H and H113N occur in the rodent clade. Only H20N (19N in human SOD1 numbering) occurred in primates upon the split from Strepsirrhini (galagos); this change was assumed to be neutral; had it been positive, the charge would have decreased further towards great apes by 1, strengthening our conclusions. Real charge states of proteins can vary from the theoretically predicted [70] [71] [72] and the position of the charge is important; thus even though changes in net charge are well known to affect SOD1 aggregation [70, 73, 74] , the positions of the charge changes were also analyzed to get a more complete view as described below.
Results and discussion
General aspects of SOD1 evolution in primates vs. rodents
The orders of rodents and primates separated approximately 75 million years ago [12] , and the macaque and human lineages diverged approximately 26 ± 2 million years ago [5] . The speciation of great apes is very dependent on geographical history and has been modeled recently [75] . Rodents constitute the relevant closest related order of primates for comparing evolutionary rates, and accordingly, these two orders have previously been compared [76, 77] . Primates evolve several times more slowly than rodents [76, 77] and humans evolve even more slowly than other primates [5, 78, 79] , a feature that may relate to the longer generation time and reduced mutagenesis rate in great apes due to fewer DNA replications per real time unit [76, 80] , or alternatively, to lower metabolic rate or smaller historic effective population size; separation of these correlated variables is not straightforward [81, 82] . For rodents, we find an average of 17.3 nonsynonymous substitutions since divergence from the common ancestor of primates and rodents *75 million years ago, i.e., 1 substitution per 4 million years. For tree shrews and galagos, we identified 13 and 15 substitutions, and for marmoset and capuchin, 17 and 15 substitutions, implying a roughly similar rate. The numbers for baboon (20) , macaque (18) , and gibbon (18) are also consistent with this approximate rate.
However, for the great apes, the picture is different: For orangutan, we observe 27 nonsynonymous substitutions in SOD1. For gorilla and human, the numbers are 23 and 22. Comparing the great apes to the remaining primate clade, the two groups of nonsynonymous rates (great apes: average 24.0, others: average 16.6) are significantly different (t test for same mean, assuming different variance, two-tailed p = 0.024, one-tailed = 0.012) (without tree shrew included in primates, the p values are 0.029 and 0.014, still significant). Thus, among primates, the great apes exhibit significantly more nonsynonymous substitutions.
Since the divide of macaques and humans *26 million years ago, we observe 13 substitutions, i.e., *1 fixation per 2 million years, a remarkably higher rate than in rodents in particular considering that rodent rates are generally much higher for other genes [76, 80] . Thus, the rate of recent SOD1 evolution of great apes is twice as high as for rodent SOD1, and against the background evolution rates, it becomes even more significant. Human SOD1 was previously reported to have evolved quickly, as observed already by Lee et al. and Fukuhara et al. from comparison of sequences of then-known SOD1 orthologs [36, 37] . With the substantially expanded sequence data now available and using the more recent consensus tree of mammals [39] , we find that this elevated rate is highly statistically significant, and a more detailed study of the evolution of great ape SOD1 thus warrants investigation.
Relaxation of selection in primates and distinct positive selection in great apes
To understand the causes of these elevated rates, we searched for signatures of selection during the evolution of SOD1 in mammals and particularly in primates (see ''Methods''). Table 1 shows the logarithm of the likelihood function for different codon models. All comparisons are highly significant showing that the evolutionary rate of SOD1 significantly varies among different branches of the mammalian phylogenetic tree, indicating nonneutral evolution. Several site-model comparisons (i.e., M1-M2, M7-M8, and M8-M8fix) show the presence of sites evolving with dN/dS [ 1 (p * 10 -12 ). We also looked at models SLAC, FEL, REL, MEME, and FUBAR (see ''Methods'' and Supporting information, Table S1 ). Similarly, all these models significantly detect nonneutral rate variations across the phylogeny with consistent (three or more) recurrences of sites 18, 27, 33, 35, 43, and 126 using alignment numbering. Site 27 corresponds to human SOD1 site N26 (without counting the initiator methionine) and is positioned in a very variable segment of 3-5 residues with gaps in the alignment with the triad ESN characteristic of the primates ( Figure S1 ). Very interestingly, the highly variable sites 33 and 35 (32W and 34S in human SOD1) are located on opposite sides of a fully conserved G, and these two sites evolved in the branch towards dry-nosed primates (Haplorhini). Site 40 is located alone between two segments that are both highly conserved, and is typically L in primates but D, E, or Q in nonprimates; it also evolved during the same branch towards Haplorhini.
To check the branches of the phylogenetic tree for positive selection, we used the branch-site test for positive selection in PAML and the BS-REL approach implemented in the Datamonkey Web server (Supporting Information, Table S2 ). These two methods analyze the strength of selection for each codon along each branch of the phylogenetic tree. Therefore, the assumption of equal rate of evolution among branches of the tree (i.e., site models) or sequences (i.e., branch models) are removed. Both approaches were corrected for multiple sampling [83] . The branch leading to great apes indicates positive selection (p *0.023) with the sites 37, 50, 56, and 114 having high probabilities of selection (see Fig. 1 ). These four sites underwent substitutions towards great apes upon divergence from gibbons: in human SOD1, these selected sites correspond to 37K, 49E, 55A, and 111C. Notably, this is the only primate branch showing signatures of positive selection. The posterior probability of positive and purifying selection for each codon site is plotted in Fig. 2a .
Even though the rate variations are very significant, the underlying evolutionary causes of these higher substitution rates in primates and particularly in great apes could be due to either positive selection in distinct sites of SOD1 or due to relaxation of purifying selection already present in the general phylogeny, which would also show up as elevated rates. We thus applied the RELAX approach (see ''Methods'') to determine whether relaxation or intensification of selection pressure occurred. We chose rodents as the reference clade and primates as the test clade. As presented in Fig. 2 and Supplementary Information Table S3 , this comparison yielded significant differences (p = 0.013), showing that the elevated rates in primates relative to rodents are partly due to relaxation of some selection pressures. Figure 2b shows that the three site categories x 1 , x 2 , and x 3 are relaxed in primates compared to rodents. We do not currently know what these selection pressures are. The relaxation occurs in the early part of the primate phylogeny and could relate to a relaxed need for some features as a trade-off for the increased charge and stability; however, we cannot determine this. Thus, we find that relaxation of selection pressures is a significant feature of early primate SOD1 evolution, but that most of the elevated rate of SOD1 evolution in great apes is caused by distinct positive selection as confirmed by branch-site tests for selection (Supporting Information, Table S2 ); results of codon models for the general tree are shown in Table 1 .
Increased net charge in SOD1 of great apes
To understand the chemical properties of SOD1 that have been selected during the recent evolution of great ape SOD1, we studied the location of the sites that changed and computed the changes in net charge and stability of the Fig. 1 a Structure of human SOD1 (based on the published structure 2C9V.pdb [41] ). The eight sites that experienced substitution within the two branches towards great apes and gibbons and further to great apes are shown in colors and numbered according to the alignment. Red indicates increased net charge (G93D, Q50E, and K99D); yellow indicates changes at the dimer interface (M2T, S114C); purple indicates hydrophobic changes at the dimer interface (T18I, Q56A); blue indicates T37K. Of these eight sites, four (T37, Q50, Q56, and S114) underwent positive selection. b First part of the alignment of SOD1 ortologs (full alignment in Supporting Information, Figure S1 and S2). Due to three gaps, numbering increases by 1 from site 13 and by 3 after site 56: For translation to human SOD1, M2T = 2T in human SOD1; T18I = 17I; T37K = 36K; Q50E = 49E; Q56A = 55A; G93D = 90D; K99D = 96D; and S114C = 111C in human SOD1 Fig. 2 a Posterior probabilities of positive and purifying selection shown in black and gray, respectively, versus codon numbers. b Evolutionary rate transition from rodents to primates for different categories of sites with evolutionary rates x 1 , x 2 , and x 3 (see Table S3 for details)
protein, as described in the Methods section. Figure 1 shows the locations of the eight sites that evolved in the two branches towards great apes and gibbons, and then towards great apes diverging from gibbons. Several observations are notable: (1) all these eight sites cluster on the surface of the protein; (2) four of these sites represent charge changes of SOD1 (T37K, Q50E, G93D, and K99D using alignment numbering; corresponding to 36K, 49E, 90D, and 96D in human SOD1) and together increase net charge of human, gorilla, and chimpanzee SOD1 from -3 to -6; (3) the remaining four sites (shown in yellow and purple) are all located on the dimer interface; (4) four of the eight sites have signatures from our test models of positive selection (37, 50, 56 , and 114 corresponding to 36K, 49E, 55A, and 111C in human SOD1) as the only branch in the primate tree. Remarkably, all of these chemical property changes relate to the structural integrity of holodimer SOD1 [29, 73, 84] . The changes in net charge of SOD1 along the constructed phylogeny are shown in Fig. 3 . It should be noted that these are not the real, effective net charges at physiological pH, since these can differ somewhat from theoretical estimates [70, 72] , but the change of 2 or 3 full charges remains significant as a strong modification of the protein electrostatics. Upon the divergence of the suborders of Strepsirrhini (represented by the galago sequence) and Haplorhini (the remaining sequences), the charge changes were small, -1 towards extant galagos and zero during the Haplorhini branching. The ancestor SOD1 of these suborders (the primate common ancestor SOD1) has a negative Fig. 3 Substitutions occurring in SOD1 of primates, bat, and rodents (using alignment numbering: see Fig. 1 for translation to human SOD1). Increases in net charges are shown in red, whereas reduced net charge is shown in blue charge of -3, if one discounts any histidines, as discussed in the Methods section. Upon divergence, the new world monkeys (represented by marmoset and capuchins) gained a negative charge to obtain -4, as the galago SOD1, still not significant. As the old world monkeys (represented by baboon and macaque) diverged from the apes, they experienced K73Q and T138K substitutions which effectively neutralize, so that net charge again remains unchanged; however, in baboons, the K99N (96N in human SOD1) substitution makes SOD1 -4. Thus, all the monkeys have SOD1 net charges of -3 or -4. During the branching towards apes, the G93D substitution increased the negative charge of SOD1 of apes to -4. Importantly, this was again relaxed in gibbons to -3, whereas in great apes, it increased to -6, due to K99D and Q50E (96 and 49 in human SOD1) compensated by T37K (36K in human SOD1). All these sites are situated on the surface where they would work to increase solvation and repel other SOD1 molecules. One negative charge was relaxed in orangutan, but humans, chimpanzees, and gorillas kept the additional negative charges in SOD1. Thus, in humans, gorillas, and chimpanzees, SOD1 has a charge of -6, the highest in the entire primate clade. If one includes the H20 N (19N, human SOD1) substitution as having a charge reduction after divergence from Strepsirrhini, the drift towards higher net charge in Haplorhini and great apes becomes one unit larger, further strengthening this picture.
The observed differences are particularly significant considering that they occurred during a remarkable short evolutionary time. The full charge effect of -3 was introduced into the ancestor of great apes within a matter of 15 million years only, at a rate of nonsynonymous substitution of roughly double that of monkeys (Fig. 3) . The increase in net charge from -3 to -6 in this short time span coincides with detections of positive selection in this branch; the remaining substitutions all occurred at the dimer interface. From Fig. 3 , we see that two substitutions increase hydrophobic interaction of the direct dimer interface (T18I, Q56A = 17 and 55 in human SOD1), whereas two others were located at the solvent exposed part of the dimer interface (M2T and S114C = 2 and 111 in human SOD1); both these substitutions are closely interacting in the structure; thus, we conclude that increased SOD1 holodimer structural integrity has specifically been selected for in great apes over a relatively short time period.
Changes in thermodynamic stability during primate SOD1 evolution
Because thermodynamic stability is a central feature of SOD1 that preserves its folded structure, and because loss of stability leads to ALS [35, 58, 61] , we also computed the stability changes upon substitution along the phylogenetic tree of primates and rodents, as shown in Fig. 4 (see Supporting Information, Table S4 for numerical details). Red implies loss of stability during the transition, whereas blue implies increased stability. For each reported set of numbers, the numbers before and after the slash signify the average DDG computed with I-Mutant 2.0 and Popmusic 2.1 (after correcting for the difference in sign convention of the two methods). Importantly, except for three cases, the two methods agree on the sign direction across the phylogeny, despite marked differences in the design of the two methods [63, 85] . Furthermore, both methods agree on the direction of change for the whole primate clade except a small difference on the branch towards new world monkeys (marmoset, capuchin) of ?0.1/-0.1, which is not significant. Both methods also perform well in benchmarks against experimental DDG data for SOD1 [64] .
For the two branches where many substitutions occurred, the one leading to Haplorhini and the one leading to great apes, the sign is highly significant and the numeric value of DDG is very likely underestimated; the two branches are both highly stabilizing as computed with both I-Mutant 2.0 and Popmusic 2.1. The summed of DDG values was computed to be 9.0 and 5.1 kcal/mol for I-Mutant and Popmusic for the first branch towards Haplorhini, and 4.5 and 1.1 kcal/mol for the branch towards great apes. Note that these values are too large and upper bounds to the true stability effect, whereas the average values in Fig. 4 are lower bounds, as explained recently [44] . Therefore, only the sign direction has been noted, but the numerical change is more substantial (and thus significant) than shown in Fig. 4 . In contrast, for the branches with 1-2 substitutions, the values and even the sign may be uncertain due to the standard error of these methods [64] , but these constitute a minor stability effect and the overall drift towards higher thermodynamic stability of SOD1 in great apes is consistent.
To appreciate the observed changes, comparison to another mammalian protein is insightful: Specifically, myoglobin (Mb), a widely studied and highly expressed mammalian protein, has been studied by similar approaches [43] , also using the consensus mammalian tree by Meredith et al. [39] . The stability of primate Mb fluctuated but did not increase systematically for apes and primates. In contrast, cetaceans Mb stability did increase by 2-3 kcal/mol due to the combination of many substitutions [43] ; a finding confirmed by experimental measures of whale vs. human Mb stability [86] . This provides a comparative control where stability of another protein, Mb, is enhanced in cetaceans rather than apes, but stability of SOD1 is enhanced in great apes. This fits well with the limited role of Mb in primates in terms of oxygen storage, although other functions (such as NO regulation) are notable [87] ; in whales, Mb is more important viz. its tenfold higher concentration and effect on aerobic dive limits [88, 89] . Mirceta et al. showed that net charge of Mb is not drifting in terrestrial species including primates and humans but is drifting in diving animals such as whales [90] . This provides a control of charge shift, where great apes display no forcing in Mb, whereas they do for SOD1. Intriguingly, the forcing can be related to prevention of protein aggregation in both cases: In whales where Mb concentrations are tenfold higher than in primates, charge, and stability increased for Mb, whereas in primates where Mb plays a smaller role, but SOD1 is more abundant and plays a large role viz. ALS-related SOD1 mutations, an opposite trend is observed for the very same properties, plausibly because net charge and stability are both important to prevent protein misfolding and aggregation and loss of function of these abundant proteins.
Clade-specific differences in effective population size, generation time, and metabolic rate
We have shown that great apes have experienced remarkably elevated rates of SOD1 compared to rodents and other primates. To determine whether the evolutionary rate of a gene in a clade differs from the same gene's rate in another clade, one must account for the general clade-specific differences in evolutionary rates: If the rates were markedly different, but this difference was similar to the general rate difference of the clades, the gene-specific rate difference would most likely be explained by the same general mechanisms that control whole-gene rate differences of the clades.
The clade-specific differences in overall evolutionary rates between rodents, great apes, and other primates relate to the life-history variables of historic effective population Fig. 4 Substitutions occurring in SOD1 of primates, bat, and rodents. As in Fig. 3 , but in this case, only the computed stability changes are shown. Increases in stability are shown in blue, whereas reduced stability is shown in red Superoxide dismutase 1 is positively selected to minimize protein aggregation in great apes 3031 sizes N eff , generation times, and metabolic rates of the various species of each clade [81] . Effective population size N eff affects the probability of fixation of arising mutations if evolution is nonneutral, and should then scale linearly with the rate of evolution [91, 92] . N eff for mice has been estimated at *100,000 [92] , about tenfold that of great apes [93] . At the same time, unfavorable substitutions with a weakly negative selection coefficient are more easily fixated in small populations: Smaller historic N eff would create bottlenecks that affect fixation dynamics. Accordingly, species with small N eff , including some endangered species, have substantially more average genetic variation per individual [14] .
N eff values are derived from assumed neutrally evolving DNA segments, which may dependent on the generation time and metabolic rate of the organisms; thus, the three variables are tightly correlated. The generation times of great apes, in particular humans, are several factors higher than monkeys and macaques [81] and typically *50 times higher than for rodents [81] , and their life span is many times longer [94] . Generation time can affect mutation rates, since the impact of incident mutations during DNA replication in germ cells is reduced in real time in longliving animals, assuming the same level of DNA repair competency [81, 95] .
In addition, the mass-specific metabolic rate of monkeys is double that of great apes [81] . The specific metabolic rate scales with a power law of the animal mass with exponent between 2/3 and 3/4 [96, 97] , and evolutionary rates and body mass correlate [81] ; these effects correlate with generation time [81] . The rate variation can be explained not from N eff but from higher mutation rate in rodents [80] , although this has been debated [98] . Multiple regression supported metabolic rate as more explanatory of the evolutionary rate [81] , whereas male-female evolutionary rate comparisons in rodents and primates supported a major role of generation time [76] . Regardless of the relative importance of the three features, great apes evolve the most slowly among the studied species in the rodentprimate phylogeny.
Faster SOD1 evolution correlates with slower general evolution
The higher evolutionary rate of SOD1 in great apes than expected, viz. the discussion above, is remarkable. It is interesting to consider whether the inverse relationship between SOD1 and general rates of evolution has a mechanistic explanation: The ratio of the activity of SOD1 vs. the specific metabolic rate correlates remarkably with life span in a study of 12 primate and two rodent species, suggesting that long-living organisms require more protection against oxidative stress [82] : Monkeys have metabolic rates more than double that of the great apes, and rodents more than fivefold higher; at the same time, specific SOD1 activity is doubly as high in humans as in rodents and intermediate in the monkeys [82] . This suggests that SOD1 plays a role in relation to generation time of great apes. The trend in SOD1 activities is observed both in livers, hearts, and brains [82] .
The extended life span of great apes may render protection against oxidative stress more important in real time to maintain the integrity of the genome. SOD1 is well known to a predominant radical scavenger in higher organisms [31, 99] and its induction extends life span in flies [22, 24] . Together, these antiaging effects, the higher SOD1 levels of great apes, and the faster evolution rate that we observe in SOD1 of great apes, point to a role of SOD1 in an aging program fine-tuned in great apes. Since SOD1 is the central enzyme that converts the superoxide radicals that leak from the oxidative phosphorylation of mitochondria, it is relevant to consider if our observed rate variations in SOD1 evolution can be related to mutagenic rate as done below.
Positive selection for structural integrity in SOD1 of great apes Our selection analysis showed that SOD1 of great apes has been subject to positive selection. Selection for protein structural integrity acts predominantly on the copy number of misfolded protein molecules [100, 101] . The copy number of misfolded and aggregated proteins grows with loss of stability and net charge [102] . Selection pressure to preserve the folded state of abundant proteins conserves highly abundant genes more [101] . SOD1 is not only systemically important in antiaging functions, it is also one of the most abundant proteins in most cells; thus, it makes sense that selection against misfolding acts particularly on SOD1. Furthermore, mass-specific SOD1 levels are 50-90% higher in brains of great apes as in rodents, and are slightly lower in monkeys than in great apes [82] .
To explain the clade-specific differences in rodent and great ape evolution, the evolution rate x in the regime of moderate positive selection can be generally written as [103, 104] :
where u is the mutation rate, N eff is the effective population size, and s is the selection coefficient. This equation incorporates the generally much higher evolutionary rates of rodents due to higher N eff or mutation rate. If s is larger for maintaining SOD1 structural integrity in great apes, the rate of evolution of SOD1 should be higher for great apes than for rodents, once corrected for clade-specific evolution rate differences. The relative rates of SOD1 evolution of great apes, x'(SOD1), normalized against the average rates of evolution of the respective genomes, are given by the corresponding ratio of the selection coefficients:
x 0 ðAVGÞ=xðAVGÞ ¼ s 0 ðSOD1Þ=sðSOD1Þ
Here, the unprimed values are for the rodents. Monkeys evolve twice as fast as great apes and rodents typically five times faster than great apes [81] . Since the rates of SOD1 evolution are larger in great apes, but within a factor of 2, the selection pressure seems to be at least twofold higher in great apes vs. monkeys and fivefold higher vs. rodents. In the recent theory proposed to explain selection against misfolded proteins [101] , the selection coefficient takes the form:
DU i is the change in copy number of misfolded proteins caused by mutation, A i is the total abundance of the protein (including folded copies), N aa i counts the amino acids in the protein, k d i is the protein degradation rate measured in s -1 , C s i , and C d i are the amino-acid specific costs of synthesizing and degrading SOD1, and dE r dt is a scaling number. A typical value of c i is *10 -7 [101] . This theory predicts that selection pressure grows monotonically with protein abundance but also with stability and other effects that determine the robustness of the folded pool. Selection for stability is larger if abundance is higher, viz. Equation (5) , and loss of net charge and dimer integrity would affect the specific cost constant c i by aggravating turnover costs; indeed, SOD1 mutations that reduce net charge increase aggregation tendency [29, 40, 70, 105] . The costs of Eq. (5) can be interpreted in terms of available motor neuron energy [35] .
We have shown in Figs. 3 and 4 that great ape SOD1 evolved higher net charge and thermostability, which increase structural integrity [106] . Although the physiologically relevant charge state is not directly given by the theoretical charge, the change is highly significant as seen from the many cases where one unit of charge substantially affects aggregation tendency [40, 70, 90] . The physiological relevance of the monomer charge drift from -3 to -5 or -6 is thus quite significant; in the dimer, this change is doubled. Please note that these charge changes occur far from the dimer interface (Fig. 1) , so their function seems to be mainly to prevent aggregation without affecting dimerization.
As seen from Fig. 1 , a hydrophobic enhancement at the direct dimer interface is introduced by T18I and Q56A (note that these sites are close in the dimer, so they can mutually enhance hydrophobic packing) and polar interactions are introduced at the boundary of the interface by M2T (Fig. 1) ; both are consistent with increased holodimer structural integrity; the enhanced hydrophobic interactions favors association of monomers, whereas the polar interactions plausibly prevent alternative interactions of the dimer, although this remains to be investigated. In conclusion, a selective advantage of substitutions towards great apes that increase net charge or stability, according to the findings in Figs. 3 and 4 , is thus plausible, and this advantage seems related to aging.
The relationship to ALS: evolution of aging and neurological disease It is notable that both the protein's net charge and its stability that we have found increase during great ape SOD1 evolution correlate significantly with survival times of ALS patients [29, 35, 61] . SOD1 mutations that reduce stability and net charge of the protein to increase protein misfolding [60, 107] are known to cause severe familial forms of ALS [35, 61] . SOD1 mRNA levels are also elevated in sporadic ALS, so the role of SOD1 in the motor neuron disease is not limited to the familial cases [108] . The SOD1 mutation toxicity is linked to proteasome function [109] and changes metabolism [110] .
Increased proteome maintenance energy costs may contribute to neurodegeneration, since neurons are very energy-demanding and particularly sensitive to energy crisis caused by increased protein turnover (the ''energy'' explanation of protein misfolding diseases) [35] . Thus, protein misfolding may not represent a distinct toxic molecular mode of interaction as generally assumed but perhaps rather the systemic loss of available cellular energy caused by increased protein turnover [101] . This would explain metabolic features of neurological diseases [111] such as the persistent hyper-metabolism of ALS patients [112] and the link between proteasome inhibition and toxicity of ALS-related SOD1 mutants [109] , and it indicates why protein misfolding diseases are primarily neurological, since neurons need energy to maintain ion gradients for signaling [35] . Interestingly, the relationship between protein misfolding and energy cost of proteostasis is also of evolutionary importance, and the selection pressure to minimize cellular maintenance energy [101] leaves signatures in the genomes in the form of a bias towards synthetically cheaper amino acids [113, 114] and explains why abundant proteins are under purifying selection to evolve slowly [115] , as they are associated with larger turnover costs.
One of the distinct features of large animals such as great apes is the longer life span, which as a survival strategy trades with fecundity [116] . Primates are notorious by their extended life span to the limit where aging diseases such as neurodegeneration are common perils. The aging human proteome directly testifies to this aging strategy, by its massive upregulation of antioxidant and energy-related gene [32] . Our study shows that great apes experienced selection pressure for the systemic antiaging protein SOD1 to be more structurally robust to prevent the deleterious effects of protein misfolding. This increased selection pressure may relate to the niching towards specific lifehistory variables of great apes, but this requires more research to be established.
Concluding remarks
There are three main results of our work: (1) first, great ape SOD1s have experienced significantly higher evolutionary rates compared to other clades in the SOD1 phylogeny (p *0.024-0.029). Considering that gene evolution is normally several times higher in rodents than in primates, and higher in monkeys than in great apes, the tendency of SOD1 to evolve faster becomes even more significant. (2) Second, using a suite of codon models, we identify positive (adaptive) selection in the clade leading to great apes; it is the only primate clade showing positive selection for SOD1. Thus, SOD1 is a rare example of positive selection on a human protein product, but confirms indications from a previous study [37] using here newer Bayesian models and a well-resolved phylogeny of newer SOD1 sequences applied to the recent consensus mammal tree [39] . (3) Since divergence from old world monkeys, eight substitutions occurred in great ape SOD1 during *15 million years (Fig. 3) ; they clustered on the surface and four of them increased net charge by 3 (G93D, T37K, Q50E, and K99D), so that the SOD1 monomer went from -3 to -6; the four other sites were located at the dimer interface. All these changes relate to the structural integrity of holodimer SOD1 [29, 73, 84] , and four of these eight sites have signatures of positive selection. The number of recent substitutions in great apes is substantially higher than in monkeys: The closest relatives, lesser apes (gibbons), did not undergo such changes, but kept the net charge unchanged (G93D was compensated by S35R); in orangutan, one charge was lost, but SOD1 still has a theoretical charge of -5, two more than gibbons. Thus, the increased net charge is unique to great apes among primates and introduced in a very short evolutionary time coinciding with positive testing for selection.
Great apes have evolved a unique strategy of long life span with emphasis on raising fewer off-springs for complex tasks and knowledge transfer. In comparison to other mammals and rodents, this has led to extremely long life span, small litter size, and long reproductive spans [94] . This specialization also manifests in increased body size and corresponding reductions in metabolic rate and effective population size. These life-history variables affect the amount of mutation damage incurred over generation time of the gametes and pose a new challenge in the form of aging.
We show that the net charge and the thermodynamic stability of SOD1, which both help to prevent aggregation of the protein [29, 60, 73, 105] , have increased during evolution of great ape SOD1. These two properties are known to correlate with the survival time in patients carrying SOD1 mutants causing the neurological aging disease ALS [29, 35, 61] . Altogether, our comparative analysis of SOD1 evolution in rodents and great apes identifies a mechanism that directly frames the evolution of extended aging in great apes within a single protein, suggesting that SOD1 plays a central role in the evolution of aging.
